Abstract-The challenges with full-duplex (FD) transceiver implementation and transmission in small area radio communication systems are considered. The main challenge in the FD transceiver design is the self-interference (SI). Analog and digital SI cancellation is used for SI mitigation. Analog SI isolation is performed at radio frequency (RF) by utilizing an antenna design based on the characteristic modes theory and using active cancellation principle. Phase and attenuation values of the active cancellation signal path are tuned using a variable-step steepest descent algorithm while transmitting a data signal to a distant node in full-duplex mode. After the tuning, the SI isolation at RF processing is 90 dB. The remaining SI is then cancelled at the baseband processing for which the an estimate of the SI channel is needed. The SI channel estimation is done in full-duplex mode. Because the receiver has full knowledge of the transmitted signal, no extra pilots are used for the SI cancellation.
I. INTRODUCTION
Full-duplex (FD) transceivers can transmit and receive simultaneously at the same carrier frequency offering the potential to double the spectral efficiency, to reduce air interface delays, and to facilitate improved collision detection and avoidance mechanisms in content based networks [1] . Therefore, FD transmission concept is identified as one possible technique for 5G systems [2] , [3] . Other benefits as well as challenges in FD systems development have been reviewed in, e.g., [4] , [5] , [6] , [7] , [8] .
The main problem in the FD transceiver design is the selfinterference (SI), i.e., the leakage of the transmit signal to the device's own receiver. Depending on the system, the SI cancellation requirement can be well over 100 dB. In order to achieve such a high isolation levels, the SI cancellation must be done at different stages. Reviews on different SI cancellation techniques can be found, e.g., in [3] , [9] , [10] . In this paper, the self-interference cancellation is performed with three techniques: antenna isolation, active cancellation at radio frequency (RF) and digital cancellation at the baseband. Since the attenuation and phase settings of the active cancellation can change during the operation, they must be tunable. The usage of a gradient descent algorithm for the tuning has been proposed in [11] . Recent designs reported in [12] , [13] also use iterative algorithms to adjust the phase and attenuation in the feed forward paths of the analog SI cancellers. The tuning of the SI cancellation in [11] , [12] , [13] is done prior the full-duplex communication. Designs in [12] , [13] are independent front end designs, the tuning algorithms are run on a specific control unit and an additional analog-todigital (AD) conversion is needed for the SI cancelation. In this work, the tuning of the active cancellation circuitry is done in the full-duplex (lID) mode using the transmitted data signal without the need to use a specific tuning signal, i.e., the data transmission can be continuous. All the processing is done at the baseband processing unit, hence no additional AD converters are needed for the SI cancellation.
The remaining SI after the first cancellation stage is cancelled at the baseband. Therein the SI channel is first estimated. The SI channel estimate and the known transmitted signal are then used to fonn a signal that is subtracted from the received signal. The SI channel estimation is performed during the reception of the signal from a distant node using the transmitted data signal. Hence, neither additional pilot symbols nor silent periods are needed for the SI channel estimation [14] .
The rest of the paper is organized as follows. The transceiver model and the SI cancellation are described in Section II and numerical results are presented in Section ill. Finally, conclusions are presented in Section IV.
II. TRANSCEIVER MODEL AND SELF-INTERFERENCE

CANCELLATION
The antenna design is based on the characteristic modes theory [15] , [16] . The antenna offers 61 dB isolation over 20 MHz bandwidth. For the RF cancellation, an additional signal path consisting of a phase shifter (¢) and attenuator (Att) is added in parallel to the antenna to provide additional isolation, see Fig. 1 . Port PI is the transmitter's antenna port and P2 is the receiver's antenna port. Power splitter after PI is used to sample the transmitted signal for analog SI isolation. The signal power fed to the phase shifter is 20 dB lower than that at port PI and 99% of the power is propagating to the antenna. The power splitter can be implemented, e.g., as a 20 dB directional coupler. The power combiner before P2 is used to sum up the SI signal and the output signal of the attenuator. The signal from the attenuator is further attenuated by 20 dB in the power combiner and it can be also be implemented as a directional coupler.
Because the Sl path from the transmitter to the receiver can change during the communication the phase and attenuation of the Sl isolation path must be tunable. The tuning of the Sl isolation path is done using the transmitted data signal. The principle of the tuning is illustrated in Fig. 2 . The phase and attenuation of the feed forward path are calculated iteratively using a variable-step deepest descent (SD) algorithm. At each tuning stops.
iteration step a complex coefficient w(k) is calculated as (2)
where k is the iteration index, M is the number of samples per iteration, P x is the power of the Sl signal XSI at the baseband, P rx is the power of the received signal Yrx at the baseband and (3i is the step size. The phase (¢) and attenuation (g) values for the feed forward path are calculated from the w(k) as (2) and (3) (2) and (3) (2) and (3) with
The RX block in Fig. 2 is a direct conversion receiver with 12-bit AD converters (Fig. 3) . The low noise amplifier gain and noise figure used in simulations are 10 dB and 2 dB, respectively. The variable gain amplifier (Gl) is used to scale the signal power before the AD conversion.
The residual SI after the RF cancellation is further reduced with baseband processing as shown in Fig. 2 . The Sl channel is estimated as
The selection of the step size (3i and the decision to stop the tuning process is done based on Eq. 5. The tuning is started with a large step size for fast initial convergence. When the Sl cancellation performance does not improve any more with the initial step size, a new smaller step size is used in following iterations (Algorithm 1). The step size reduction is performed until the smallest step is used, after which the where R x is the estimate of the autocorrelation matrix of the transmitted self-interference (XSI) and r is the vector of estimated cross-correlations between the received signal after the SI cancellation y(n) and xSI(n).
The SI channel estimate is used to form a replica of the remaining SI signal, which is then subtracted from the received baseband signal. The signal after the baseband SI cancellation is then Fig. 6 the initial values are -15 dB and 120°. Two step sizes are used in Algorithm 1 and they are (30 = 5 . 10-3 and (31 = 1 . 10-3 . The blue curves show the performance when the attenuation tuning resolution is 1 dB. Red curves shows the performance when the attenuation resolution is decreased to 0.5 dB and magenta curves show the performance when the tuning resolution is further decreased to 0.25 dB. The phase tuning resolution is 5°in all the cases. As can be seen from Figs. 5 and 6 the performance of the analog SI cancellation after the tuning varies depending on the difference between the initial and optimal values of the attenuator and phase shifter. With further simulations it was found out that when the initial attenuator value is -15 dB and the initial phase shifter value is changed between 0 -360 0 the SI cancellation performance changes from 78 to 90 dB with 1 dB attenuation resolution, with 0.25 dB resolution the SI cancellation performance is 90 -94 dB and with 0.5 dB resolution it is 90 dB. These SI cancellation values include the 61 dB isolation provided by the antenna. Hence, the additional SI attenuation provided by the active cancellation is between 17 and 33 dB and it is achieved after less than 15 iterations. One iteration equals the transmission of 25 OFDM symbols. Results in Figs. 5 and 6 are from a case when the tuning is done in HD mode. The tuning in FD mode converges to the same attenuator and phase shifter values with similar number of iterations, Le., the tuning performance is the same in the FD and HD modes.
Bit error rate (BER) performance of an un-coded FD link was also evaluated. In BER simulations the initial phase and attenuation values of the analog SI have been 0°and -15 dB and the phase and attenuation resolution in the tuning phase have been 5°and 0.5 dB, respectively. BER measurement has started after the tuning of the analog SI cancellation has converged. BER results for the additive white Gaussian noise channel (AWGN) case and for a non-line of sight (NLOS) indoor channel case are shown if Figs. 7 and 8, (8) (7) Freq. 
The signal used in simulations is an orthogonal frequencydivision multiplexing (OFDM) signal with 48 data sub-carriers and 4 pilot sub-carriers at 3.5 GHz center frequency. Data subcarriers are modulated using 16 level quadrature amplitude modulation (16-QAM). The bandwidth of the signal is 20 MHz. The antenna is modelled using an electromagnetic simulation tool (CST Microwave Studio). Simulated S-parameters are brought to the system model as a S-parameter file. The isolation of the antenna over the signal bandwidth is shown in Fig. 4 . The solid red curve shows the isolation in decibels (dB) and the dashed blue curve shows the phase response in degrees (0). The FD transceiver including the analog SI isolation and AD converters is modelled using the Advanced Design System (ADS). The maximum values of the integral (INL) and differential (DNL) non-linearity to least significant bit of the AD converters are 5.0 and 0.7, respectively. The phase and amplitude imbalance of the transceivers are 0.5°and 0.1 dB, respectively, and the phase noise is given in Table I [20]. The non-linearity of power amplifiers is characterized with output I dB compression point (P IdE ) and third order intercept point (OIP 3 ) using the amplifier model available in ADS [21] . The P IdB is set 6 dB above the average transmit power and OIP 3 = P IdB + 10 dB.
Baseband signal generation and the baseband FD receiver including the control of the analog SI isolation are implemented using Matlab. The starting point for the Matlab model development has been the OFDM simulation model from [22] . Baseband and RF models are included in the same simulation After the SI cancellation, synchronization, channel estimation and data detection are performed for the desired signal. Channel for the desired signal is estimated utilizing the long training sequence (LTS) of the IEEE 802.11 [18] . The channel estimate at sub-carrier k is [19] hk =~(YI,k +Y2,k)X~, Analog and SI cancellation was considered. Antenna design based on the characteristic modes theory provides 61 dB isolation. The isolation at RF is further increased by utilizing a feed-forward path from the transmitter's power amplifier output to the receiver's low-noise amplifier input. The attenuation and phase shift of the feed-forward path must be accurately tuned in order to gain the additional SI isolation. The tuning is performed in a lID mode using the transmitted signal and the variable step steepest descent algorithm. After the tuning up to 33 dB additional isolation is gained resulting in total RF isolation of 94 dB. The residual self-interference is cancelled by estimating the SI channel using the transmitted data signal. The estimated SI channel is then used to form an estimate of the residual SI which is subsequently subtracted from the received signal. After the synchronization, channel estimation an data detection of the desired signal the BER is used to measure the FD link performance, As expected, the 16-QAM HD link does not achieve the same BER performance as a 16-QAM lID link due to the residual SI after the baseband SI cancellation, i.e., the FD does not double the information theoretic channel capacity of a HD system. However, the 64-QAM lID link, that offers 1.5 times the capacity of a 16-QAM HD link, requires more than 5 dB higher transmission power than the 16-QAM FD link to achieve the same BER performance than the 16-QAM FD link. As mentioned above, FD communications can enhance the spectral efficiency of wireless networks and thus, is a potential candidate for 5G. Besides, FD transceivers can support simultaneous uplink and downlink traffic, which can also be used for in-band wireless backhaul applications as pointed out in [4] . Furthermore, another promising application for FD respectively. The NLOS channel model used in simulations is the Hiperlan/2 model A [21] . The blue curves show the performance of the FD link with 16-QAM modulation and the red curve shows the performance of the 16-QAM lID link (Le., no self-interference). For comparison, the BER performance of a 64-QAM lID link is also simulated. Solid lines give the performance with ideal transceivers and dashed lines show the performance when the transceivers' non-ideal operation is modeled with the parameters given above. As can be seen from Figs. 7 and 8 the lID link with 64-QAM modulation requires more than 5 dB higher transmission power to reach the same BER performance than the 16-QAM FD link.
IY. CONCLUSIONS
transceivers is in relay networks, which is closer to a practical scenario, since teonina! nodes would be lID, while the base station is FD as evinced in [1] as well as in [23] .
